The effect of photosynthetic photon flux density (PPFD) on photosynthetic response (A) investigation was undertaken to study in greater detail this response. The effect of PPFD on the C02-saturated rate of photosynthesis has been observed previously (5, 12, 24) . Some studies have indicated a dependency of OA/dC(F), or CE (10), on PPFD (3, 16); however, few studies have been carried out to define clearly this interaction. Comparison of the results of different investigators is complicated by differing experimental procedures and by the assumptions used in calculating OA/OC(I), or its reciprocal, mesophyll resistance (Rm; see Ref. 20).
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Recent studies have indicated that OA/OC(F) is a sensitive indicator of photosynthetic capacity and is highly correlated to the activity of RuBP carboxylase in the leaf (8) . Thus, the sensitivity of in situ RuBP carboxylase activity to PPFD could be determined indirectly by measuring the variation ofOA/dC(r) with PPFD. In addition, advances in our understanding of the biochemical mechanisms controlling photosynthesis have allowed the development of more accurate models of whole-leaf photosynthesis (9, 12) that explicitly include activity of RuBP carboxylase. Comparison of the measured response of 0A/KC(r) to PPFD with simulations using the model (9, 12) provided a means of testing the ability of the model to predict the measured response.
The goal of the present study was to determine the response ofaA/OC(F) and r to varying PPFD. Spinach (Spinacia oleracea) and soybean (Glycine max) were chosen as examples of species with high photosynthetic rates, making measurements more reliable. For comparison, Arbutus unedo was studied as an example of a species with low photosynthetic rates. The initial slope of photosynthetic rate (A) as a function of internal CO2 concentration (C,) measured near the CO2 compensation point (r) is designated OA/OC(1) in order to avoid confusion with CE for which PPFD is often assumed to be saturating. We compared the measured responses with the simulated response of a biochemically based model of whole-leaf photosynthesis (9, 12 Model. Recent efforts at analyzing whole leaf gas exchange have led to the development of biochemical models of net photosynthesis that simulate well whole leaf responseof CO2 uptake. In the model of Farquhar et al. (9) , the ratio of total RuBP concentration (R,) to total enzyme sites (E,) is defined as a primary factor controlling photosynthetic response, in particular the point at which photosynthesis becomes limited by regeneration of C02-acceptor, RuBP, i.e. RI/ES <1.0. While this factor is useful theoretically, it is difficult to evaluate, unless extensive biochemical data and enzyme constants are available.
Reasonable estimates of the constants for this model can be made from gas exchange data taken in the laboratory (12) and in the field (13) . Harley etal. (12) defined a factor, Q, related to RI/E,, which could be evaluated using gas exchange data. The value of Q under any given set of conditions is determined by the potential rate of RuBP production divided by the potential rate of RuBPutilization, i.e. carboxylation (vJ) plus oxygenation (v0) rates. Direct measurement of RuBP production is not possible using gas exchange techniques. However, assuming that the biochemical system is at steady state, that photorespiration is essentially zero at saturating C02, and that the Calvin Cycle is the only source of RuBP and CO2 fixation the only sink in the chloroplast, an estimate of RuBP production at a given PPFD can be obtained by measuring the PPFD response of photosynthesis at saturating C02, Pm.
Q=Pm/(Vc+Vo) for O' Q1.0 (1) Of course, production of RuBP cannot exceed utilization at steady state; therefore,Pm must be less than or equal to (v, + v0).
The rates of carboxylation and oxygenation are added because oneRuBPis required for each carboxylation and oxygenation.
While there is no generally accepted equation to describe response of C02-saturated photosynthesis to PPFD, the equation of Smith (22, 23) as modified by Tenhunen et al. (24) (9) are used:
Vcma,
The magnitude of V,,,, is assumed to be 21% of Vc= (7).
Even though RuBP concentration was used as the theoretical control for changing photosynthetic capacity, VO,,,, as a function of PPFD, the parameter, Q, can have a broader interpretation.
In fact, it does not matter whether RuBP concentration or some other factor controlling RuBP carboxylase activity determines Q. As long as some factor related to the PPFD response (including RuBP concentration, energy charge, and so forth) affects the apparent maximum carboxylation rate, the result at the whole leaf level will be the same. 
RESIJLTS
The effect of changing PPFD on the A:C, response is shown in Figures 1 to 3 . At PPFD> 500Amol m 2 s-', increases in PPFD had little or no effect on A at Ci < 20 Pa in Spinacia oleracea (Fig. IA) , Glycine max ( Fig. 2A) , or Arbutus unedo (Fig. 3A) . However (Fig. 1B, 2B, 3B ). The PPFDsaturated value of OA/&C(r) declined in the order S. oleracea > G. max > A. unedo. The CO2 compensation point (r) in S. oleracea (Fig. 1B) and G. max (Fig. 3B) was constant at about 4 Pa CO2 down to a PPFD of 200 umol m 2 s-'; below this PPFD r rapidly increased. The response of r in A. unedo was similar to that of the other species (Fig. 3B) , except that the critical PPFD was lower (approximately 100 ,mol m-2 s-'). The minimum r was higher than for the other species because the temperature was higher (34°C versus 25°C). Equations 3, 4, and 5 were used to simulate the responses seen in Figures 1, 2 , and 3. Initial parameter values (Table I simulation  1) were taken from Harley et al. (12) for G. max. No attempt was made to fit the simulations to observations. As PPFD decreases the departure of photosynthetic rate from the PPFDsaturated rate occurs at progressively lower Ci (Fig. 4A) . At approximately 300 gmol quanta m 2 s-' OA/C(r) begins to decline rapidly (Fig. 4B) . The CO2 compensation point (r) begins to increase noticeably at about 200 to 300 ,umol m-2 s-' (Fig.  4B) Numbers next to curves refer to the simulation number in (Fig. 4) to that observed when modified to include the factor, Q (12). The major difference between measured response and simulation is the very sharp break between PPFD-independence to PPFD-dependence. In the data the changeover is not as marked as in the simulation. Three possible explanations may be: (a) variation in PPFD with depth in the leaf (1 1, 28), (b) variation in the photosynthetic properties of the leaf with depth (27) , and (c) variation in Ci within the mesophyll (1 1). While we did not use the more complex models for simulation, it is easy to visualize how a sharp changeover could be smoothed by having different layers within leaves going from PPFD-dependence to PPFD-independence as PPFD incident on the leaf increases.
In the simulation all of the curves converge to the same point at a Ci ofabout 4 Pa (Fig. 4A) (Fig. 5) .
Variation in V, and P., can occur through changes in total activity of the enzymes involved. Changes in the Kms require changes in the rate constants of the relevant reactions; such changes also affect V,. Thus, an increase in the rate constant for carboxylation would affect both the K,,, (CO2) and Vcmax.
However, the purpose of the simulation is to test the sensitivity of model response to quantitative change in each model parameter, not to describe any particular enzyme(s). It should be reemphasized that no attempt was made to fit the equations to the data. Both the absolute values of Vm, and Pm1 (curves 1 and 2) and their ratio (curves 2 and 3) affect the magnitude of the PPFD-saturated aA/OC(F). The slope of the PPFD-dependent portion of the simulation is sensitive to the ratio of the Kms for CO2 and 02 (Kc/Ko) (curves 5-7) but not to the absolute values.
The reduction in OA/OC(F) by low PPFD will affect the photosynthetic rate of the leaf at normal CO2 and 02 concentrations since the response is evident at Ci below that expected at normal external CO2 partial pressure of 30 to 35 Pa. Plants that grow in shade and are not PPFD-saturated most of the day mlay be operating below the critical PPFD much of the time (29) . Even without stomatal limitation, a reduction in the photosynthetic capacity at low PPFD either by reduced RuBP concentration or by reduced RuBP carboxylase activity would restrict the potential net carbon fixation rate-in terms of the model, Q < 1.
Plants with lower photosynthetic capacity, such as A. unedo ( Fig. 3) 
